Background. Complement is thought to play a role in immunoglobulin A nephropathy (IgAN), though the activating mechanisms are unknown. This study focused on the gene expression of CD46 and CD55, two key molecules for regulating C3 convertase activity of lectin and alternative complement pathways at a cellular level. Methods. The transcriptional expression in peripheral white blood cells (WBCs) of CD46 and CD55 was investigated in 157 patients enrolled by the Validation of the Oxford Classification of IgAN group, looking for correlations with clinical and pathology features and estimated glomerular filtration rate (eGFR) modifications from renal biopsy to sampling. Patients had a previous median follow-up of 6.4 (interquartile range 2.8-10.7) years and were divided into progressors and nonprogressors according to the median value of their velocity of loss of renal function per year (À0.41 mL/min/1.73 m
A B S T R A C T
Background. Complement is thought to play a role in immunoglobulin A nephropathy (IgAN), though the activating mechanisms are unknown. This study focused on the gene expression of CD46 and CD55, two key molecules for regulating C3 convertase activity of lectin and alternative complement pathways at a cellular level.
Methods. The transcriptional expression in peripheral white blood cells (WBCs) of CD46 and CD55 was investigated in 157 patients enrolled by the Validation of the Oxford Classification of IgAN group, looking for correlations with clinical and pathology features and estimated glomerular filtration rate (eGFR) modifications from renal biopsy to sampling. Patients had a previous median follow-up of 6.4 (interquartile range 2.8-10.7) years and were divided into progressors and nonprogressors according to the median value of their velocity of loss of renal function per year (À0.41 mL/min/1.73 m 2 /year).
Results. CD46 and CD55 messenger RNA (mRNA) expression in WBCs was not correlated with eGFR values or proteinuria at sampling. CD46 mRNA was significantly correlated with eGFR decline rate as a continuous outcome variable (P ¼ 0.014). A significant difference was found in CD46 gene expression between progressors and non-progressors (P ¼ 0.013). CD46 and CD55 mRNA levels were significantly correlated (P < 0.01), although no difference between progressors and nonprogressors was found for CD55 mRNA values. The prediction of progression was increased when CD46 and CD55 mRNA expressions were added to clinical data at renal biopsy (eGFR, proteinuria and mean arterial blood pressure) and Oxford MEST-C (mesangial hypercellularity, endocapillary hypercellularity, segmental glomerulosclerosis, tubular atrophy/interstitial fibrosis, presence of any crescents) score. Conclusions. Patients with progressive IgAN showed lower expression of mRNA encoding for the complement inhibitory protein CD46, which may implicate a defective regulation of C3 convertase with uncontrolled complement activation.
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I N T R O D U C T I O N
Data suggest a role for complement activation in the development and progression of immunoglobulin A nephropathy (IgAN) [1, 2] . C3 co-deposited with IgA is detected in up to 90% of patients and complement activation breakdown products have been found in glomeruli and in circulation in significant association with IgAN activity or progression [3, 4] . C3 binding is thought to confer a particular nephrotoxicity to the immune deposits of galactose-deficient IgA1 (Gd-IgA1), which represents the first event in the pathogenesis of IgAN leading to the formation of circulating immune complexes (ICs) [5, 6] . Moreover, mesangial cells have C3a receptors and, when exposed to Gd-IgA1 or aggregated IgA, secrete C3 and matrix components [7] . The efficacy of complement activation in mesangial deposits is supposed to play a role in modulating the glomerular inflammatory reaction that follows the accumulation of Gd-IgA1 containing immune material and tissue damage. This final event might be critical in tuning the clinical outcomes of patients with IgAN, which vary from a rather benign course to progression to end-stage renal disease (ESRD). Hence the investigation of factors involved in the activation of complement in mesangial deposits of IgAN deserves attention since it might be relevant for future therapeutic choices.
A key point in complement activation is the generation of C3 convertases, which proceeds via three pathways [1, 2] . The classical pathway (CP) is activated by binding of C1q to IgG or IgM containing ICs and leads to formation of the C3 convertase C4b2a. This convertase can also be assembled by the lectin pathway (LP) triggered by pattern recognition molecules such as mannan-binding lectin (MBL), ficolins and collectins recognizing carbohydrates expressed on microorganisms or altered tissues. Finally, C3 can be activated by the alternative pathway (AP) initiated by spontaneous C3 hydrolysis (tick-over process). C3b is formed and the interaction with factor B (FB) and factor D on activating surfaces (microbes or cells) assembles a labile C3bBb convertase that is then stabilized by properdin (P), which enhances the AP. Hence the AP is an amplification loop of C3 activation. Polymeric IgA and IgAIC (IgA-containing immune complexes) activate in vitro the AP and LP [8, 9] , but MBL, which initiates the LP, does not interact with Gd-IgA1 due to a lack of mannose in the O-linked chains typical of IgA1 [2, 6, 10] . The C3 convertases initiated by C1q, MBL, ficolins and P generate C3a and C3b, which forms the C5 convertase leading to activation of the terminal complement pathway, with production of C5a and C5b, followed by formation of the membrane attack complex (MAC) C5b-9. C3a and C5a are highly chemotactic fragments upregulating adhesion molecules and phagocytic cells, and C5b-9 is very active in enhancing cytokines and chemokines.
The efficacy of the complement system strictly depends on regulatory factors acting in fluid and in solid phase [11, 12] . Soluble complement regulators include C1 inhibitor (C1-inh), C4b-binding protein (C4BP), factor H (FH) and factor H-like protein 1 (FHL-1). FH and FHL-1 are the main fluid phase regulators of the AP, preventing the formation of C3 convertases acting as cofactors for the protease factor I (FI), which cleaves C3b and C4b and accelerates the convertase decay. This proteolysis can only occur in the presence of fluid phase cofactors and additional cofactors acting at the cellular level. Four membranebound regulatory proteins are known. Complement receptor 1 (C1R or CD35), mostly expressed in erythrocytes, and membrane cofactor protein (MCP; CD46) are membrane-bound complement regulator cofactors for inactivation of C3b and C4b by serum FI. Decay-accelerating factor (DAF; CD55) accelerates the decay of cell surface-assembled C3 and C5 convertases. CD59 prevents the formation of MAC in the lipid bilayer.
In IgAN, activation of the complement system is thought to be initiated by the AP [8] and LP [9] , as suggested by the finding of P and MBL deposits in correlation with C4b immunostaining, which is a marker of progressive cases [4] . A positive correlation between C4d deposits and various fluid phase regulatory proteins (FH, C4BP and C1-inh) has been reported [13, 14] . FH, which binds to host cells and prevents assembly of the AP C3 convertase, has competitive inhibitors, complement factor H-related (FHR) proteins, which interfere with the regulatory function of FH in a process called FH deregulation. Genomewide association studies have detected a single polymorphism (SPN), tagging the deletion of FHR-1 and FHR-3 associated with protection from the development of IgAN [15] . Very recently, increased serum levels of FHR-1 and FHR-5 have been reported in patients with IgAN, which may favour increased AP activation [16, 17] . No study has so far investigated in patients with IgAN the gene expression of membrane-bound complement regulatory cofactors.
The aim of this study was to investigate in patients with IgAN the gene expression of CD46 and CD55, two key molecules regulating at the cellular level and the C3 convertase activity of the AP and LP, largely transcribed in almost all peripheral blood cells and tissues [11, 12] , including mesangial cells [18] . In this study, CD46 and CD55 messenger RNA (mRNA) expression was assessed in peripheral white blood cells (WBCs) of patients with IgAN enrolled by the European collaborative study group Validation of the Oxford Classification of IgAN (VALIGA) [19] . They were investigated after a follow-up of several years, aimed at detecting correlations between cell surface complement regulatory protein mRNA expression and previous clinical course and rate of renal function decline.
M A T E R I A L S A N D M E T H O D S

Patients
VALIGA was a European multicentre retrospective study that enrolled 1147 patients with IgAN followed over a median of 4.7 years [19] . Patients with Henoch-Schönlein nephritis, chronic hepatitis, diabetes or cancer were excluded. The present study enrolled 157 patients with IgAN belonging to 11 centres from seven European countries of the VALIGA network.
CD46 and CD55 mRNA expression quantification
Blood samples were collected in PAXgene tubes (QIAGEN, Hilden, Germany), incubated 4 h at room temperature and stored at À80 C. RNA was extracted from WBCs with the PAXgene RNA System Kit (QIAGEN, Hilden, Germany). Total RNA (500 ng) was retro-transcribed in cDNA using Reverse Transcription Reagents (Life Technologies, Carlsbad, CA, USA) and using a 2720 Thermal Cycler (Applied Biosystems, Waltham, MA, USA). Quantitative real-time polymerase chain reaction was performed using TaqMan Universal PCR Master Mix (Life Technologies). For the detection of mRNAs encoding for CD46 and CD55, 900 nM of forward primer, 500 nM of reverse primer and 200 nM of the fluorogenic probe were used (Sigma-Aldrich, St. Louis, MO, USA): CD46 primer sequence forward:
TGGTGACAATTCAGTGTGGAGTC; reverse: CCAAATCCTGATATCTGTTTTCCATTTTCGA and probe: 6FAM-TGCTCCAGAGTGTAAAGTGGTCAAATGTCG-TAM RA and CD55 primer sequence forward: TGCTCTGCAAG TTAGACCTTTTGA; reverse: TGACCTAGAGGATGCACAT CATCT and probe: 6FAM-TGTCTGGGTCATCCCACATT TCTTCA. AAA-TAMRA cDNA 50 ng was used for amplification by the ABI Prism 7500 Sequence Detection System in 96-well plates (Life Technologies).
Relative quantification of mRNA expression of CD46 and CD55 genes was achieved by normalization to the reference gene GAPDH [20] . Relative quantification of target gene expression in patients was performed with the DDCt method and the relative CD46 and CD55 fold changes were determined as previously detailed; hence results are expressed in corresponding arbitrary units (U) [20] . As healthy controls, 150 Caucasian subjects, matched for age and sex, were investigated as well.
Clinical data set and definitions
Definition of data followed the original VALIGA study [19] . Briefly, glomerular filtration rate (GFR) was estimated using the four-variable Modification of Diet in Renal Disease formula and proteinuria expressed in grams per day. Mean arterial blood pressure (MAP) was calculated as one-third of the pulse pressure. At renal biopsy, 41 subjects were children (<18 years old): in these subjects, GFR was estimated using the Schwartz formula (constant K ¼ 0.55) with a maximum estimated GFR (eGFR) set at 120 mL/min/1.73 m 2 ; proteinuria was expressed in g/day/1.73 m 2 . MAP was adjusted for gender and age, as in the original report [19] . At sampling, only three subjects were <18 years old. ESRD was defined as eGFR <15 mL/min/ 1.73 m 2 in all patients. Time-averaged (TA) proteinuria was determined for each year of observation. Immunosuppressive treatment was considered as intent to treat regardless of the type or duration. Renal biopsies were scored according to the Oxford Classification: mesangial hypercellularity, M0/M1 ( and >50% of glomeruli with more than four mesangial cells/ area); endocapillary hypercellularity, E0/E1 (present/absent); segmental glomerulosclerosis, S0/S1 (present/absent) and tubular atrophy/interstitial fibrosis, T0/T1/T2 (<25, 25-50 and >50%) [19] . Moreover, the presence of crescents (C1) was considered [20] .
Statistical methods
The rate of renal function decline (eGFR slope) was determined by fitting a straight line through available eGFR data as previously described [19] . Disease progression was defined according to the median value of eGFR slope in the study cohort. The functional form of all continuous variables was assessed, with log transformation of CD46 and CD55 expression to improve linearity. Data were tested for normal distribution using the Shapiro-Wilk test. Descriptive variables were presented as median [interquartile range (IQR)], owing to non-normal distributions, or frequency (count) and compared across relevant groups using the Mann-Whitney U test or Wilcoxon signedrank test for continuous variables and Fisher's exact test for categorical variables. The Kendall test was used to investigate correlations. Group tests were two-sided with P < 0.05 considered statistically significant. Kendall correlation analysis was used to test the association between gene expression levels and eGFR slope. Univariate and multivariate regression analyses were performed to calculate associations between gene expression and other clinical variables, including disease progression. Receiver operating characteristics (ROC) curves served to identify the optimal threshold point of CD46 expression based on disease progression status. Multivariate logistic regression analyses were chosen to investigate the accuracy of disease progression prediction models. Four different statistical models were created: M1: clinical data at biopsy alone (eGFR, proteinuria and MAP); M2: clinical data at biopsy with MEST-C (mesangial hypercellularity, endocapillary hypercellularity, segmental glomerulosclerosis, tubular atrophy/interstitial fibrosis, with addition of the presence of any crescents C); M3: clinical data at biopsy with MEST-C and CD46 mRNA expression; M4: clinical data at biopsy with MEST-C and CD46 and CD55 mRNA expressions. Renal function at sampling was not included in the models for consistency with the previously used methods [19, 34] . All variables were corrected for age, sex and renal function at biopsy. Overall, model fit was assessed using McFadden pseudo-R 2 , Nagelkerke's R 2 and the Akaike Information Criteria (AIC), with an increase in R 2 and a reduction in AIC suggesting better model fit. Discrimination was assessed using the area under the curve (AUC). When comparing two models, a DAUC significantly greater than zero suggested improvement in discrimination. Confidence intervals (CIs) were generated using 1000 bootstrap samples. Analyses were performed and figures generated using R 3.4.1 (R Project for Statistical Computing, Vienna, Austria).
R E S U L T S
The 157 subjects with IgAN enroled in this study had, at the time of sampling, a median follow-up of 6.4 years (IQR 2.8-10.7) after renal biopsy. Baseline demographic and clinical data both at the time of renal biopsy and at sampling are reported in Table 1 . The median value of the eGFR slope rate of decline was À0.41 mL/min/1.73 m /year (P < 0.01). Nine patients in the progressor group had a 50% decline in eGFR; of them, five reached eGFR <15 mL/min. Baseline clinical and pathology data at sampling are reported in Table 2 . The two groups of progressors and non-progressors did not differ in clinical data at renal biopsy, including age, eGFR, proteinuria and MAP. Tubular atrophy or interstitial fibrosis (T1-T2 lesions) was more frequent in progressors (P ¼ 0.004); all seven patients who had T2 lesions were progressors. The percentage of patients exposed to corticosteroid/immunosuppressive treatment or to renin-angiotensin system blockade (RASB) drugs during the follow-up was similar in progressors and non-progressors (Table 2 ). Since the group included five patients with ESRD (eGFR <15 mL/min), a subgroup of 152 patients with a minimum eGFR >15 mL/min was identified and investigated (Supplementary data, Table S1 ). According to their median eGFR slope of À0.40 mL/min/ 1.73 m Table S2 ). We focused on the whole group of 157 patients.
CD46 and CD55 expression in WBCs was not significantly different in patients with IgAN and healthy controls; CD46 mRNA: À0.25 (IQR À0.68-0.25) log U versus À0.17 (À0.73-0.31) log U, P ¼ 0.82 and CD55 mRNA: À0.47 (IQR À0.98 to À0.01) log U versus À0.28 (IQR À0.81-0.18) log U, P ¼ 0.38, respectively. CD46 and CD55 gene expressions in IgAN patients were not correlated with baseline data at renal biopsy, including the Oxford Classification MEST-C scores [20] , eGFR, proteinuria and MAP (Table 3 and Supplementary data, Table  S3 ). No correlation was found with data at sampling, including eGFR, proteinuria or TA proteinuria over the previous follow-up Complement inhibitor CD46 in IgAN from renal biopsy to sampling (Table 3 and Supplementary data, Table S3 ). A significant correlation was found between CD46 and CD55 mRNA expression (P < 0.01) ( Table 3) . A significant correlation was found between CD46 mRNA and eGFR decline slope as a continuous outcome variable (Kendall rank correlation: r ¼ 0.14, P ¼ 0.011; Figure 2A ,B shows both non-parametric fitting and linear correlation). CD46 expression in WBCs was significantly lower in progressors versus non-progressors [À0.46 (IQR À0.97-0.20) log U and À0.14 (À0.49-0.31) log U, respectively; P ¼ 0.013] ( Figure 3 and Table 2 ). A significant difference in CD46 mRNA median values was also found between progressors and nonprogressors when the five patients with eGFR <15 mL/min/ 1.73 m 2 at sampling were excluded (Supplementary data, Table  S2 ).
The ROC curve of CD46 mRNA discerning progressors from non-progressors [AUC 0.61 (95% CI 0.52-0.70)] showed as best threshold, by the Youden index, of À0.38 (Figure 4) . When comparing 91 patients with CD46 mRNA À0.38 log U and 66 patients with values >À0.38 log U (Table 4 ), a significant difference was observed for the eGFR slope (P ¼ 0.002) and the decline in GFR of >50% from baseline value (P ¼ 0.03). No difference was found for frequency of corticosteroid treatment at sampling or over the previous follow-up. Notably, the two groups differed for CD55 mRNA values [À0.84 (IQR À1.46 to À0.5) log U versus À0.21 (À0.58-0.27) log U; P < 0.01] ( Table 4) . No difference in CD55 mRNA expression was found between progressors and nonprogressors ( Table 2 ). The ROC curve of CD55 mRNA values did not discriminate between progressors and non-progressors (Figure 4) .
In order to address the value of CD46 and CD55 on the progression of IgAN, we derived ROC curves using clinical data at renal biopsy (eGFR, proteinuria and MAP), clinical data plus the revised Oxford MEST-C scores and clinical data and MEST-C scores, plus CD46 and CD55 mRNA expressions ( Figure 5A-D) . When MEST-C was added to clinical data at biopsy, an improvement in prognostication of progression was observed, which was further improved when we included the data of the expression of CD46 and CD55 mRNAs, as indicated by the values of AUC, McFadden pseudo-R 2 , Nagelkerke R 2 and AIC (Table 5) .
D I S C U S S I O N
In spite of the common belief that complement activation and its downstream effects increase the nephrotoxicity of otherwise innocent-lanthanic-mesangial IgA deposits [21] , the data in favour of a simple relationship between C3 deposition and progression of IgAN have not been as convincing as expected. Only limited reports indicate a negative correlation between circulating C3 levels and mesangial C3 deposits [22] . Plasma C3 was not clearly reduced in Caucasian patients with IgAN, although in Chinese and Japanese patients slightly reduced levels have been reported [22, 23] . The ratio between plasma IgA and C3 only partially highlights the mild and often undetectable decrease in C3 levels [24] . However, more sensitive biomarkers such as the complement breakdown products iC3b and C3d have detected systemic signs of complement activation in active and progressive cases [3, [25] [26] [27] in correlation with high plasma levels of complement-fixing IgAIC [28] . Apart from fluid phase complement activation, C3 in mesangial deposits may have a cellular origin produced by resident mesangial cells [7] or by inflammatory blood cells [29] infiltrating the mesangial area engulfed by IgAIC. Locally produced as well as IgAIC-transported complement factors can further generate C3a, C5a and C3b, which can interact with their receptors on resident or infiltrating cells, thus increasing glomerular inflammation and tissue damage.
The interest in understanding the mechanism of complement activation in IgAN has recently been further increased by two reports of high serum levels of FHR-1 and FHR-5, which act as competitive inhibitors of FH [16, 17] . FHR-1 was negatively correlated with eGFR at sampling. The present study reports for the first time a defective gene expression of specific membranebound complement regulatory factors that characterize patients with progressive IgAN. The most relevant finding was that defective CD46 gene expression was not correlated with eGFR at sampling but with a faster annual loss of GFR measured over the previous long period of observation. Low CD46 mRNA correlated with a consonant low gene expression of CD55. These findings provide new insights into the area of complement dysregulation at a cellular level resulting in defective control of local complement activation in patients with IgAN.
CD46 is a surface-expressed regulator acting as cofactor for serum FI, which cleaves C3b to iC3b, thereby irreversibly preventing the reassembly of AP amplifying activity [11, 12] . CD55 is a membrane-bound regulator factor that accelerates the decay of cell surface-assembled C3 and C5 convertases favouring the disassociation of Bb from C3bBb and C2b from C4b and inhibiting their re-aggregation [11, 12] , hence preventing formation of the final MAC. Both regulatory factors, whose expression was detected in the present study in circulating WBCs, are expressed on monocytes and infiltrating macrophages and in resident cells, including mesangial cells. CD55 is expressed also in endothelial cells and podocytes. The correlation we found between progressive loss of renal function and gene expression of these complement regulatory factors, which may act in circulating, infiltrating or resident glomerular cells, suggests a reduced control of complement activation triggered by circulating and deposited IgA1-containing circulating immune complexes, which may favour glomerular damage and disease progression.
Moreover, the intracellular complement activation is important for regulation of the adaptive immune response. After interaction, T cells and antigen presenting cells (APCs) produce and release AP components C3, FB and FD. This is regulated by a transient cell surface expression of CD55. Locally produced C3a and C5a bind to their receptors and further stimulate T cells and APCs [30] . CD46 is expressed on T cells and promotes the switch from Th1 to regulatory T cells (Tregs) [31, 32] . C3a Complement inhibitor CD46 in IgAN and C5a induce phosphorylation of the transcription factor Foxo1, which results in lowered naïve Treg Foxp3 expression. We, and others as well, detected in IgAN a reduced Treg expression of Foxp3 [33] . We may speculate that continuous subtle complement activation in IgAN, due to defective complement activation control at the cellular level, results in decreased Treg activity in IgAN. This might contribute to a more progressive course.
This study detected the transcriptional expression of CD46 and CD55 in peripheral WBCs, which might be different from that in infiltrating of resident glomerular cells, hence further investigations will be needed to detect these biomarkers in renal biopsy tissues. However, the present results we obtained in WBCs are of interest for the clinical correlations we observed, even in case of a lack of detection in future studies of a similar downregulation in renal cells.
This study has the limitation of being a cross-sectional examination, since patients were investigated for defective gene expression of cellular complement inhibitory factors years after renal biopsy. On the other hand, it has the advantage of a previous long-term follow-up of patients very well characterized from a clinical and histological point of view. However, due to its design, the study has the limitation of only one measurement per patient and it cannot give information about the possible change in complement regulator gene expression in IgAN during the course of the disease. It will be of interest to know if the deficient gene expression in progressive cases is genetic or if it is modulated by other factors determining the progression of IgAN. Notably, there is no correlation with the degree of renal function or the uraemic milieu, and no effect of previous immunosuppressive therapy was observed, hence the hypothesis of a true factor conditioning the progression of IgAN is The AUC serves as a predictive value for CD46 mRNA log and CD55 mRNA log and it is reported in percentage (%) with sensitivity and specificity in brackets. The best threshold for CD46 mRNA expression was À0.38 log U. Patients were divided in two groups according to the discrimination point of the ROC curve of CD46 gene expression (À0.38 log U, see Figure 4 ). Values are expressed as median (IQR) unless stated otherwise.
plausible. Finally, we confirmed in these patients the finding of a previous collaborative study [34] : combining the pathology features with clinical data at renal biopsy, the prognostication of progressive disease is improved in comparison with clinical data alone. It may be of interest to note that the addition of cross-sectional data of CD46 and CD55 mRNA expression to this model significantly improved the prognostication of outcome in our cohort. Table 5 reports further detailed analyses. This new insight into a possible role of defective complement activation regulation in patients with progressive IgAN suggests the need for large prospective cohort studies.
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